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Summary
While proteasome is central to the degradation of cel-
lular ubiquitinated proteins, the control of its nuclear
function is barely understood. Here we show that the
fission yeast ubiquitin-conjugating Rhp6/Ubc2/Rad6
and ligating enzymes Ubr1 are responsible for nu-
clear enrichment of proteasome through the function
of Cut8, a nuclear envelope protein. Cut8 is an Rhp6
substrate that physically interacts with and tethers
proteasome. Nonubiquitinatable K-all-R Cut8 weakly
interacts with proteasome and fails to enrich nuclear
proteasome. Consistently, the nuclear enrichment of
proteasome also fails in rhp6 and ubr1 null mutants.
Further, cut8 null and cut8 K-all-R mutants are hyper-
sensitive to DNA damage, probably due to the paucity
of nuclear proteasome. Thus, Rhp6 enhances the re-
tention of nuclear proteasome through regulating Cut8.
The short-lived nature of Cut8 is crucial for feedback
enrichment of the proteasome within the nucleus.
This is likely to be a conserved mechanism as we de-
scribe a Cut8 homolog in flies.
Introduction
26S proteasome is the supramolecular machinery that
mediates ubiquitin-mediated proteolysis. It consists of
two distinct, 19S regulatory and 20S core, subcom-
plexes and degrades highly diverse ubiquitinated pro-
teins in an ATP-dependent manner. A large number of
nuclear proteins gain the proteasome-targeting poly-
ubiquitination signature as a consequence of the se-
quential action of three types of enzymatic activity:
ubiquitin-activating E1, -conjugating E2, and -ligating
E3 (Hershko, 1999). The list of nuclear proteins that are
degraded by the proteasome includes such critical
molecules as the tumor suppressor protein p53, follow-
ing ubiquitination by Mdm2 and other ubiquitin ligases
(Brooks and Gu, 2003), and the cell-cycle regulator
cyclin E that is ubiquitinated by SCF (Cardozo and Pa-
gano, 2004). While the importance of such degradation
is clearly appreciated, the underlying mechanisms that
control nuclear proteasome function are poorly under-
stood. In fungi, it is known that the proteasome is en-*Correspondence: yanagida@kozo.lif.kyoto-u.ac.jp
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2234, Japan.riched in the nucleus and the nuclear envelope (Wilkin-
son et al., 1998). Two potential regulators of proteasome
function are Cut8 and Int6. Both molecules are required
for the nuclear accumulation of the proteasome in
S. pombe nuclei (Tatebe and Yanagida, 2000; Yen et al.,
2003): deficiency of Int6 results in mitotic phenotypes
similar to cut8 mutants and confers synthetic lethality
to cut8 mutants. Cut8 protein is found chiefly within the
nucleus and at the nuclear periphery, a distribution that
is essentially identical to that of the nuclear portion of
the proteasome. In a cut8 mutant, however, the protea-
some is no longer enriched in the nucleus. The destruc-
tion of mitotic cyclin/Cdc13 and securin/Cut2 in the nu-
clei of cut8 mutants is dramatically delayed, although
their polyubiquitination is not inhibited by the mutation
(Tatebe and Yanagida, 2000). Cut8 thus assures the oc-
currence of anaphase-promoting proteolytic events by
promoting the nuclear enrichment of the proteasome.
In the present study, we intended to obtain a mecha-
nistic insight into how cut8 ensures that the protea-
some is enriched in the nucleus and the nuclear mem-
brane.
Results
The Amino-Terminal 72 Amino Acids Behave as a
Short-Lived Polyubiquitinated Peptide In Vivo
S. pombe Cut8 (262 amino acids) has a short half-life
(w3 min) and is rapidly degraded in the presence of the
protein synthesis inhibitor cyclohexamide (Cyh). Cut8
seems to be a substrate of proteasome because its cel-
lular level greatly increases in the mts2-1 mutant that
has a mutation in a key component of the proteasome
(Tatebe and Yanagida, 2000). To determine whether any
particular region confers the short half-life upon Cut8,
the levels of truncated fragments that had been tagged
with 3xHA epitopes were monitored in the presence of
Cyh (100 g/ml). As shown in Figure 1A, the short 1–72
fragment was still rapidly degraded (half-life, w3 min),
while the amino-terminal 25–262 fragment was much
more stable (half-life, w30 min). The amino terminus
was therefore essential for the rapid decay of Cut8.
To examine whether the rapid decay of 1–72 was due
to proteasome-dependent degradation, the level of 1–72
was tested in mts2-1 background that compromises
proteasome activity (Gordon et al., 1993). As shown in
Figure 1B, the fragment was greatly stabilized in mts2-1.
Thus, destruction of the fragment was likely to be medi-
ated by the proteasome.
To confirm that 1–72 was actually polyubiquitinated,
we constructed a mts2-1 strain that could express 1–72-
GFP, the fragment tagged with GFP, alongside His6-Ub,
ubiquitin tagged with six histidine residues. Proteins
ubiquitinated with His6-Ub were isolated by Ni column
affinity chromatography. Immunoblot analysis identified
a ladder of bands, corresponding to polyubiquitinated
1–72-GFP, that became greatly enriched in the mts2-1
background (Figure 1C). Control cells expressing non-
tagged Ub did not show any bands. The size difference
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394Figure 1. The Amino Terminus of Cut8 Is Responsible for Its Rapid Decay
(A) Identification of the region responsible for the short half-life. (Upper) Wild-type cells were transformed by pREP1 carrying truncated genes
tagged with 3HA and cultured to a mid-log phase at 26°C. Cell extracts were made at 0, 15, and 30 min after the addition of Cyh (100 g/ml).
Immunoblot was done using anti-HA (12CA5) and anti-tubulin (TAT1) antibodies. Four mutants plus full-length Cut8 were produced under the
repressed nmt1 promoter of pREP1, and the half-life was examined by immunoblot. The arrowheads indicate the expected positions of
truncated fragments. (Lower) Schematic drawing of Cut8 truncated fragments.
(B) The level of 1–72 fragment was assayed in wild-type and mts2-1 at 36°C for 0–60 min in the presence of Cyh.
(C) The Cut8 (1–72)-GFP and His6-ubiquitin genes were placed under the inducible promoter nmt1 in pREP1 and pREP2, respectively. They
were coexpressed in mts2-1 at 36°C in the absence of thiamine (promoter, on). His6-ubiquitinated proteins were isolated using the Ni-NTA
beads in the presence of 6 M guanidine HCl. Immunoblot was done using anti-GFP antibody to assess the level of ubiquitinated Cut8 (1–72)-
GFP. Non-His-tagged ubiquitin did not give rise to any bands. Control GFP alone did not produce the ubiquitinated bands.
(D) The amino acid sequence of Cut8. The 1–72 region is in blue, while six Lys residues are in red.
(E) All six Lys residues in 1–72 were substituted by Arg. The half-life of resulting 1–72-KallR was examined in comparison with that of normal
fragment in the presence of Cyh. Tubulin was the loading control.between each of the ladder bands corresponded to m
rthe interval expected for the molecular weight (MW)
changes arising from sequential addition of His6-ubiq- t
Cuitin.
We further examined whether 1–72-GFP was de- w
bgraded in a proteasome-dependent manner. Three car-
boxy-truncated 1–202, 1–121, and 1–72 fragments C
ftagged with GFP were degraded at the rates similar to
that of wild-type Cut8 (see Figure S1 in the Supplemen- s
ttal Data available with this article online). The 1–72 frag-
ment thus acts as a degron tag that confers instability
to heterologous proteins (Dohmen et al., 1994). Six Lys P
aresidues exist in the fragment 1–72 (Figure 1D; the frag-
ment sequence indicated in blue, and the relevant Lys t
Tresidues are in red). Note that four of six Lys residues
are in the 1–25 region that is essential for the short half- p
tlife. To examine whether 1–72 was really the target of
ubiquitination, we constructed an all-K/R substitution wutant by substituting all the Lys residues to Arg. The
esulting KallR 1–72 fragment was extremely stable in
he presence of Cyh (Figure 1E). The full-length KallR
ut8 mutant protein is degraded with the half-life of
30 min (Figure S2). The full-length KallR Cut8 could
e degraded, although more slowly than wild-type
ut8, suggesting that the sequences that are required
or the ubiquitination events that promote this slow de-
truction probably lie in the regions outside the amino
erminus.
hysical Interaction between Cut8
nd the Proteasome Requires
he Amino-Terminal Lysine Residues
o understand the role of Cut8 for nuclear localization of
roteasome, we asked whether Cut8 physically in-
eracted with proteasome. To this end, an S. pombe strain
as constructed in which the cut8 and mts3 chromo-
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myc gene, respectively (Cut8-GFP and Mts3-myc8) (Mts3
is a subunit of 19S proteasome subcomplex). When im-
munocomplexes were isolated with anti-GFP antibodies,
a small but significant amount of Mts3-Myc8 reproducibly
coprecipitated with Cut8-GFP, whereas none was de-
tected in control cells expressing Mts3-Myc8 alone (Fig-
ure 2A).
We then discovered that Cut8 efficiently bound the
proteasome in vitro. GST-tagged Cut8 was expressed
in S. pombe using plasmid REP1 and affinity purified
by GST pull-down. The resulting Cut8-GST beads were
mixed with extracts of S. pombe cells that coexpressed
GFP-tagged α4 (the subunit of 20S subcomplex) and
Myc-tagged Mts3, both of which were integrated on the
chromosome under the native promoter. Immunoblot
was done for input extracts (I), sup (S), and pull-down
beads (B) using antibodies against the proteasome
subunits Myc (Mts3), GFP (α4), Pad1and Mts4 (Pad1
and Mts4 are the subunits of 19S subcomplex). The
precipitated Cut8-GST beads (B) contained Mts3-Myc,
Pad1, and Mts4 alongside α4-GFP (Figure 2B). These
proteasome subunits were not detected at all for con-
trol GST beads. The upper bands of Cut8-GST were
seen following longer exposure (Figure 2B, inset). These
results established that Cut8 physically interacted with
proteasome in vitro.
To further ascertain the in vitro interaction between
Cut8 and proteasome, we examined whether 1–72 GST,
1–72KallR GST, full-length wild-type, and KallR Cut8-
GST proteins could interact with the proteasome in vi-
tro (Figure 2C). As before, the GST-Cut8 derivatives (57
kDa full-length and 35 kDa 1–72 fragment shown in the
bottom fourth row) were purified using affinity chroma-
tography from S. pombe that overproduced them, prior
to incubation with S. pombe extracts coexpressing α4-
GFP and Mts3-Myc. Immunoblot using antibodies
against α4 (anti-GFP, 20S) and Mts3 (anti-Myc, 19S)
showed that the binding of α4 and Mts3 to full-length
Cut8 occurred, but the degree of association with full-
length Cut8 KallR was radically reduced (w20%), sug-
gesting that the amino-terminal lysine residues were
important for the physical association between Cut8
and the proteasome. Antibodies against Cdc2 kinase
(PSTAIRE) were used as negative control. Consistently,
the 1–72-GST associated with both 19S and 20S sub-
units, whereas the KallR mutant fragment was virtually
unable to bind to proteasome. Taken together, these
data show that the interaction between the N terminus
of Cut8 and the proteasome was enhanced by ubiquiti-
nation. The association between the proteasome and
full-length Cut8-KallR was probably due to ability of the
region other than the amino terminus to confer some
degree of association.
To consolidate the above conclusions, the 1–72 GST
fragment was expressed in E. coli cells and purified for
the in vitro interaction assay. As shown in Figure 2D, the
bacterially expressed 1–72 fragment showed negligible
affinity for the proteasome. Thus, the presence of Lys
residues alone in the amino terminus was unable to
confer association, suggesting that they might need to
be ubiquitinated before they confer an interaction with
the proteasome.Amino-Terminal Polyubiquitination of Cut8 Is
Essential for Function
The null mutant of Cut8 is temperature sensitive (Sa-
mejima and Yanagida, 1994). Plasmid pCUT8 carrying
the native cut8+ gene rescued the ts phenotype of cut8
null (Figure 2E, left). However, pCUT8 KallR, like the
empty vector plasmid, failed to rescue the ts pheno-
type. The amino-terminal Lys residues of Cut8 are thus
functionally essential. Plasmid p1–72 carrying the 1–72
fragment sequence under the inducible promoter nmt1
(REP1) was introduced into wild-type cells. When 1–72
was ectopically overproduced in wild-type (-thi), cells
carrying p1–72 failed to produce colonies, while p1–
72KallR produced normal colonies (Figure 2E, right
panel).
Cut8 Is the Tethering Factor for Nuclear Proteasome
Our previous study (Tatebe and Yanagida, 2000) showed
that Cut8 was required for nuclear proteasome enrich-
ment: proteasome became homogenously distributed
throughout cut8-563 mutant cells. We tested whether
full-length Cut8-KallR tagged with GFP (integrated on
the chromosome under the control of the native pro-
moter) showed a normal distribution. Observation of
the GFP signals in living cells (Figure 2F) showed that
substitution of KallR did not affect the accumulation of
Cut8 within the nucleus or at the nuclear envelope. In
sharp contrast to Cut8-KallR, the proteasome was not
enriched in the nucleus of such cells expressing Cut8-
KallR (Figure 2G). Consistently normal distribution of
the proteasome (as assessed by immunostaining with
anti-Mts4 antibodies) in cut8 null was recovered by
plasmid pCUT8 but not pCUT8 KallR (Figure 2G). The
typical cut8 chromosome missegregation phenotype
(indicated by the arrows) was observed in cut8 null cells
carrying pCut8-KallR but not pCut8. Thus, ubiquitina-
tion of Cut8 seemed to be necessary for the proper
nuclear enrichment of proteasome and, concomitantly,
progression of chromosome segregation.
We then examined whether a reciprocal relationship
existed and mutation of proteasome components would
in turn affect the distribution of Cut8. In proteasome
mutant mts2-1, Cut8-Myc expressed by the chromo-
somally integrated gene under the native promoter
showed normal nuclear localization after 3 hr at 36°C,
while nuclear localization of Mts4 proteasome subunit
was abolished in mts2-1 after 3 hr at 36°C (Figure 3A;
an example of the nucleus is indicated by the arrow).
Nuclear envelope localization of Cut8 per se was thus
independent of proteasome function and distribution.
To monitor the distribution of Cut8 mutant protein, a
strain containing the mutant gene cut8-563 tagged with
Myc under the native promoter was constructed. Cut8-
563-Myc mutant protein was enriched in the nucleus at
26°C, but this enrichment was lost after 2 hr at 36°C
(Figure S3). The GFP-tagged α4, the subunit of 20S
subcomplex, also failed to be enriched within the nuclei
in cut8 mutant cells (data not shown). Thus, the Cut8
that accumulates at the nuclear membrane may tether
the proteasome to this site.
We next asked whether ectopic overproduction of
Cut8 would influence proteasome distribution. When its
gene was expressed under the nmt1 promoter (REP1)
Cell
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(A) Extracts of S. pombe that coexpressed full-length Cut8-GFP and Mts3-myc8 were prepared and immunoprecipitated by anti-GFP antibod-
ies. Immunoblot was done with anti-myc and anti-GFP primary antibodies.
(B) In vitro binding of Cut8 to proteasome. Cut8-GST and GST were produced in S. pombe wild-type and isolated by glutathione Sepharose
beads. Extract of cells that contained the chromosomally integrated Mts3-myc8 and α4-GFP were made and incubated with the beads
containing Cut8-GST or GST. Proteins bound to the beads after incubation with the extracts were immunoblotted using antibodies against
myc, GFP, Pad1, and Mts4. Antibodies against tubulin were used as controls. Antibodies against GST were used to detect Cut8-GST and
control GST proteins.
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397REP1 plasmid, the formation of colonies of otherwiseduction of Cut8 led to an accumulation of the protea-
(C) In vitro experiment similar to (B) was done but using the KallR substitution mutants for the full-length Cut8 and the amino-terminal 1–72
fragment, both of which were bound to GST.
(D) In vitro binding similar to (C) was done using the Cut8 1–72-GST purified from S. pombe or E. coli.
(E) Plasmid carrying Cut8KallR was not functional, as it failed to rescue the ts phenotype of cut8 null mutant (left). Overexpression of the
1–72 KallR substitution mutant fragment was inhibitory to wild-type. +Thi, the presence of thiamine, promoter is off. −Thi, the absence of
thiamine, promoter is on.
(F) The distribution of Cut8-KallR was indistinguishable from that of Cut8-GFP. Both were expressed under the mild REP81 promoter in the
absence of thiamine.
(G) The localization of Mts4 in wt and cut8 null cells carrying plasmid vector, pCUT8, or pCUT8KallR at 36°C for 2 hr. The arrows indicate
cells that display the cut phenotype.Figure 3. Overproduction Effects of Full-Length Cut8 and the 1–72 Fragment
(A) Nuclear localization of Cut8 was maintained in proteasome-deficient mts2-1. Cut8-myc expressed from the chromosomally integrated
gene was observed in mts2-1 at 36°C. Cut8-myc was in the nucleus of mts2-1 after 3 hr at 36°C, while Mts4 was no longer in the nucleus.
Arrows identify a cell that shows the mitotic phenotype of mts2-1. Scale bar, 10 m.
(B) (Left) Cut8-HA was overproduced by expression from the nmt1 promoter (pREP1). The level of the proteasome proteins Mts4 and Pad1
was unaffected. (Right) The nuclear signals of both Cut8-HA and Mts4 increased after overproduction.
(C) The 1–72 fragment overproduction abolished nuclear enrichment of proteasome. The fragment was expressed in a Cut8-myc8 integrant
background under the nmt1 promoter. Cells were harvested 0 and 20 hr after thiamine withdrawal and immunostained by anti-Mts4 and anti-
myc antibodies. The proteasome and endogenous Cut8-myc8 were dispersed throughout cells after 20 hr induction of Cut8 (1–72). Arrows
identify cells that show abnormal mitotic phenotypes. Scale bar, 10 m.
(D) An S. pombe strain that contained the chromosomally integrated Cut8-Myc was transformed by REP1 carrying the 1–72 fragment. In the
absence of thiamine for 20 hr, the 1–72 fragment was overproduced while the level of endogenous Cut8-Myc moderately increased.
(E) The half-life of Cut8-Myc was extended in cells that overproduced the 1–72 fragment. In cells overproducing the 1–72 fragment (after 17.5
hr in the absence of thiamine under the strong REP1 nmt1 promoter), the stability of endogenous Cut8-Myc was examined in the presence
of Cyh for 0–60 min.
(F) Intracellular localization of the 1–72, 1–202, and 121–262 fragments expressed by the chromosomally integrated truncated genes tagged
with GFP under the control of native promoter was examined.on a multicopy plasmid, Cut8 levels greatly increased
in the absence of thiamine, while the levels of the pro-
teasome subunits Pad1 and Mts4 remained constant
(Figure 3B, left panel). By immunofluorescence micro-
scopy, the Cut8-HA signal around the nuclear envelope
increased markedly. In parallel, the nuclear Mts4 also
greatly increased (Figure 3B, right). Therefore, overpro-some within the nucleus, suggesting that Cut8 is a dos-
age-dependent, nuclear enrichment factor for the
proteasome.
Overproduction of 1–72 Displaces Endogenous
Cut8 and Proteasome from the Nucleus
When the 1–72 fragment was overproduced using
Cell
398wild-type cells was inhibited. The phenotype of cells t
poverproducing the 1–72 fragment at 26°C was strikingly
reminiscent of that of ts cut8 mutant cells at 36°C (Fig- s
eure 3C, right panel 20 hr; two aberrant cells are indi-
cated by the arrows). Nuclear enrichment of endoge- n
tnous proteasome (detected by anti-Mts4 antibody) was
abolished by the expression of the fragment, and en-
mdogenous Cut8 was no longer abundant in the nucleus.
This dominant-negative effect of overproduction of the l
e1–72 fragment may be explained by the presumed in-
teractions of the excess of fragment with ubiquitin-con- u
Rjugating, ligating enzymes, proteasome, and/or Cut8.
The overproduced 1–72 fragment may affect the half- c
nlife of endogenous Cut8, as both may be the targets of
the same destruction machinery. The levels of endoge-
unous Mts4 and Cut8 were examined when the 1–72
fragment was ectopically overproduced (Figure 3D). p
tThe protein level of endogenous Cut8-Myc moderately
increased, while the level of Mts4 remained constant. w
tWe then examined the half-life of endogenous Cut8 in
the presence of Cyh in cells overproducing the 1–72 p
bfragment (Figure 3E; 17.5 hr after the shift to the ab-
sence of thiamine). The half-life of endogenous Cut8
egreatly increased (w30 min) in comparison with that
(w3 min) in cells carrying the plasmid vector alone. t
mNote that the ectopically overproduced 1–72 fragment
shared the extended half-life. Overproduced 1–72 frag- b
sment led to mislocalization of endogenous full-length
Cut8 and, concomitantly, the proteasome. The excess d
n1–72 fragment possibly competed out the endogenous
full-length Cut8 in interacting with Rhp6 and related e
dproteins.
Intracellular localization of full length, 1–72, 1–202,
t121–262, and other truncated fragments tagged with
GFP were determined (Figure 3F and data not shown). t
uFull-length Cut8 was enriched in the nuclear membrane
and nuclear chromatin. The 1–202 fragment was less C
fenriched at the nuclear membrane and more enhanced
in the nuclear chromatin, while the short 1–72 fragment
was primarily associated with nuclear chromatin. The N
121–262 that lacked the amino-terminal region and had R
a longer half-life (Figure 1A) was evenly distributed be- R
tween the cytoplasm and nucleus. These results indi- p
cated that both amino and carboxy regions were nec- a
essary for the normal distribution of Cut8. a
m
nThe Short-Life of Cut8 Depends
upon Ubiquitination by Rhp6 n
nTo determine which ubiquitin-conjugating E2 and ligat-
ing E3 was responsible for the short half-life of Cut8,
ethe stability of the molecule was assessed in various
mutants that had defects in ubiquitin-mediated proteol- g
tysis. For E2 function, ubc1, ubc2/rhp6, ubc6, ubc7/
ubcP3, ubc8, ubc12, ubc14, ubc15, ubc16, and ubcP4 a
wwere assessed (Osaka et al., 1997; Kitamura et al.,
2001; Nielsen et al., 2002; Seino et al., 2003). For E3, n
sSCF-ubiquitin ligase F box protein, pop1 and pop2,
N-end-recognizing ubiquitin ligase, ubr1 and ubr11, a
wRING finger ubiquitin ligase rhp18, HECT-domain-con-
taining ubiquitin ligase pub1 and pub2, and APC/cyclo- t
Rsome subunits cut9, nuc2 were used (Yamashita et al.,
1996; Kominami et al., 1998; Kitamura et al., 2001; Ta- c
rmai and Shimoda, 2002; Yamano et al., 2004). In addi-ion, the proteasome subunits mts2 and mts3 were em-
loyed as controls. Assessment of Cut8 levels in these
trains (Figure 4A) showed that the levels of Cut8 mark-
dly increased in rhp6/ubc2 deletion background and
o others, apart from the expected increase in the pro-
easome mts2 and mts3 controls.
The half-life of Cut8 in the presence of Cyh was 24
in in rhp6 null mutant cells (Figure 4B), eight times
onger than the 3 min of wild-type 972 (wt) control. This
stablished that the principle E2 activity that contrib-
ted to the short half-life of Cut8 was provided by
hp6. Rhp6/Ubc2 is a highly conserved E2 ubiquitin-
onjugating enzyme that has been implicated in various
uclear functions (see Discussion).
We next asked whether Rhp6 was required for poly-
biquitilation of Cut8. First, the level of Cut8 was com-
ared in single mts2-1 and double mts2-1 rhp6 null mu-
ants (Figure S4). The hyperubiquitinated upper bands
ere seen in single mts2-1 after 6 hr at 36°C but not in
he double mutant, suggesting that Rhp6 was princi-
ally responsible for the formation of these hyper-upper
ands. No band was seen in control cut8 null cells.
Rhp6-dependent polyubiquitination of Cut8 was then
xamined using mts2-1 and mts2-1 rhp6 null strains
hat ectopically overexpressed His6-Ub (Figure 4C). Im-
unoblotting with anti-Cut8 antibodies of His6-Ub
ound proteins that had been isolated by Ni columns
howed that, while polyubiquitinated Cut8 bands were
etected in single mts2-1 mutant cells, no polyubiquiti-
ated band was observed in mts2-1 rhp6 null. This
stablished that polyubiquitination of Cut8 was depen-
ent upon the presence of Rhp6.
To examine whether Rhp6 affects the interaction be-
ween Cut8-Myc and the proteasome, immunoprecipi-
ation was done in the presence or the absence of Rhp6
sing anti-Myc antibodies. As shown in Figure 4D, the
ut8-proteasome interaction was abolished in extracts
rom rhp6 deletion mutant cells.
uclear Enrichment of the Proteasome
equires Rhp6
hp6 null cells grew slowly at 36°C, and 50% of the
opulation lost viability after 3–4 hr, as the culture has
high septation index (60%) and many mitotic aberr-
tions (quantitative data in Figure S5). Figure 5A shows
itotic chromosome missegregation with the cut phe-
otype (indicated by the arrows) and thick septa in rhp6
ull cells (arrowheads) alongside wild-type and cut8
ull mutant cells after 2 hr at 36°C.
Localization of the proteasome in rhp6 null cells that
xpressed the chromosomally integrated Cut8-Myc
ene under the native promoter (Figure 5B) revealed
hat the nuclear enrichment of Mts4 was completely
bolished by the loss of Rhp6, while Cut8 distribution
as unaffected. Rhp6 was therefore required for
uclear and nuclear envelope enrichment of the protea-
ome. However, consistent with the results described
bove that showed that the Cut8 KallR mutant protein
as normally enriched in the nucleus, though it failed
o properly recruit proteasome, Cut8 did not require
hp6 for its proper nuclear localization. In wild-type
ontrol that expressed Cut8-Myc, normal nuclear en-
ichment of Mts4 and Cut8-Myc was found. Intracellular
Rhp6 Regulates Nuclear Proteasome
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(A) Accumulation of Cut8 in rhp6. A number of mutant cell extracts were prepared from the cultures (at 26°C) of the indicated mutants that
have defects in aspects of ubiquitin-mediated proteolysis pathways. Immunoblotting was performed using anti-Cut8 antibody to examine the
accumulation of Cut8. Mutants employed are ubc1 (SPBC2D10.20), ubc2/rhp6 (Reynolds et al., 1990; Singh et al., 1998; Rowley and Zhang,
1999; Kitamura et al., 2001), ubc6 (SPAC10F6.05c), ubc7/ubcP3 (Osaka et al., 1997), ubc8 (SPBC211.07c), ubc12 (SPCC777.10c), ubc14
(SPAC1250.03), ubc15 (Nielsen et al., 2002), ubc16 (SPBC1198.09), ubcP4 (Seino et al., 2003), pop1, pop2 (Kominami et al., 1998; Yamano et
al., 2004), ubr1 (Kitamura et al., 2001), ubr11 (SPAC15A10.11), rhp18 (Nielsen et al., 2002), pub1, pub2 (Tamai and Shimoda, 2002), cut9, nuc2
(Yamashita et al., 1996), mts2, and mts3 (Gordon et al., 1993; Gordon et al., 1996).
(B) The level of Cut8 in wild-type and rhp6 null cells was determined in the presence of Cyh at 26°C using anti-Cut8 antibodies.
(C) Rhp6-dependent ubiquitination of Cut8. His6-ubiquitin was expressed in mts2-1 and mts2-1 rhp6 cells at 36°C. Ubiquitination of Cut8
was examined using Ni-NTA beads and anti-Cut8 antibodies.
(D) Extracts of S. pombe wild-type and rhp6 mutant strains carrying chromosomally integrated Cut8-Myc gene were used for immunoprecipi-
tation with anti-Myc antibodies. Proteasome detected by anti-Mts4 antibodies was not coimmunoprecipitated with Cut8-Myc in rhp6 mu-
tant extracts.localization of GFP-tagged Rhp6 under the weak nmt1
promoter is shown in Figure 5C. Rhp6-GFP was present
in both cytoplasm and the nucleus and enriched in the
chromatin region.
Ubr1 and Rhp18 Ligases Are Required for the Short
Half-Life of Amino-Terminal Fragment
The decay of full-length Cut8 in the presence of Cyh
was considerably slowed down in rhp6 null cells but no
other E2 and E3 null mutants, probably because Cut8
contained multiple ubiquitination regions: Cut8 KallR
was still degraded with the half-life of w30 min. We
therefore attempted to identify the E3 ligase (or ligases)
that was responsible for degrading the short 1–72 frag-
ment and assayed the decay in the presence of Cyh in
different genetic backgrounds. As shown in Figure 6A,
the fragment was degraded rapidly in the null mutants
of ubc1, ubc6, ubc7, and ubc8 as in wt. However, the
turnover of fragment was greatly slowed down in ubr1and rhp18 null mutants. Both ubr1 and rhp18 null cells
are viable but are slow to form colonies. We conclude
that Ubr1 and Rhp18, E3 ligases, are responsible for
the degradation of 1–72 fragment. Ubr1 and Rhp18 are
closely related to Rhp6 based on the results in budding
yeast (Dohmen et al., 1991; Bailly et al., 1994).
Nuclear Accumulation of the Proteasome Is
Diminished in ubr1 and rhp18 Mutants
We used anti-Mts4 immunofluorescence microscopy to
ask whether the nuclear accumulation of the protea-
some was altered in ubr1 and rhp18 mutants. As
shown in Figure 6B, anti-proteasome antibody staining
of the nuclear periphery was greatly diminished in
ubr1 mutant and partially reduced in rhp18. At 30%,
the percentage of cells that lost the nuclear periphery
staining in rhp18 was much higher than that in wild-
type (8%). Ubr1 was thus required for nuclear protea-
some localization, while Rhp18 plays a more minor role.
Cell
400Figure 5. Nuclear Enrichment of Proteasome Is Abolished in rhp6 Null Cells
(A) rhp6 shows abnormal mitotic phenotype at 36°C for 4 hr. rhp6 (left column), wild-type (right upper panel), and cut8 (right lower panel)
were stained by DAPI to visualize DNA. In rhp6 cells, overcondensed and “cut” phenotype were observed (arrow). Septated cells were
accumulated 4 hr after 36°C (arrowheads). Scale bar, 10 m.
(B) The proteasome is not enriched within the nucleus of rhp6 mutant cells. Both wt and rhp6 contained the chromosomally integrated
Cut8-Myc gene under the native promoter. Cells were immunostained by anti-Mts4 and anti-Myc antibodies. Scale bar, 10 m.
(C) Localization of Rhp6-GFP. Hoechst 33342 was used for staining DNA. The merged image indicated that Rhp6 was enriched in the
nuclear chromatin.cut8 Mutants Are Sensitive n
Pto DNA-Damaging Agents
Because Rhp6 was known to be required for DNA dam- g
aage repair, we examined whether cut8 null cells were
sensitive to UV radiation, MMS (methyl methane sulfo- (
anate), or phleomycin (a drug causing DNA strand
breaks). As shown in Figure 6C, cut8 deletion mutants u
gwere indeed hypersensitive to UV, MMS, and phleo-
mycin at the semipermissive temperature (30°C). The D
Cdegree of sensitivity was not as strong as rhp51 dele-
tion mutant in UV, MMS, and phleomycin but similar to c
Uthe phleomycin sensitivity of rhp6 null. To confirm that
the sensitivity was due to the cut8 mutation, we exam- n
ained the damage sensitivity of cut8 mutant carrying
plasmid pCut8 or pCut8-KallR. The hypersensitivity G
twas rescued by pCut8 but not by pCut8-KallR (Figure
6D). Hence, ubiquitination of Cut8 seemed to be neces- d
asary for a DNA damage response.
We attempted to make double mutants cut8 null and p
cmutants defective in the ubiquitin processing pathways
that we linked to cut8;cut8 rhp6, cut8 ubr1, and i
cut8 rhp18 but only succeeded in getting cut8
rhp18. The cut8 rhp6 strain was lethal, while ubr1 i
twas sterile. The viable cut8 rhp18 was slow in colony
formation in the absence of UV irradiation and much (
more sensitive to UV than either single mutant alone m
(Figure 6E). This synthetic sensitivity suggested that t
Cut8 might not lie in the same epistasis group as Rhp18. m
t
pCut8 Has a Putative Homolog of Fly
Homologs of Cut8 exist in the fungi S. cerevisiae and w
Neurospora (Figure 7A and data not shown) but haveot been described in higher eukaryotes. By using the
HI-BLAST software of NCBI (http://www.ncbi.nlm.nih.
ov/blast/), we found that the sequence of CG5199 of
fruit fly Drosophila melanogaster is similar to Cut8
Figure 7A; 20% identical in 200 aa). CG5199 is 382 amino
cids protein (MW, 42.3 kDa), resembling D. pseudoobsc-
ra GA18731-PA (E value, e-179), mosquito Anopheles
ambiae ENSANGP00000021050 (7e-17), and slime mold
ictyostelium discoideum AAL92410 (7e-06). The
G5199 cDNA clone was obtained by PCR from the
DNA library of fly embryo mRNAs (a gift from Dr. T.
emura). The epitope HA was tagged with the C termi-
us, and the resulting fusion gene was introduced into
n expression vector in which expression is driven by
al4/UAST. Drosophila S2 cells were transfected with
his construct, and expression of CG5199-HA was in-
uced for 48 hr. Extracts were immunoblotted using
nti-HA antibody (12CA5); a single band of the ex-
ected MW was obtained (Figure 7B). Immunofluores-
ence microscopy showed that CG5199-HA was local-
zed to the nuclear periphery (Figure 7C; arrow).
We next used RNAi to ask whether CG5199, like Cut8
n fission yeast, controls the distribution of the fly pro-
easome (Figure 7D). Double-strand RNAs of control
GFP gene) and CG5199 transcribed in vitro by T7 poly-
erase were added to the S2 culture. After 5 days, pro-
easomal distribution was observed using anti-β1
onoclonal antibody. The proteasome was enriched at
he nuclear periphery in control cells but broadly dis-
ersed in CG5199 RNAi cells, showing that CG5199
as required for nuclear periphery enrichment of pro-teasome. We therefore concluded that CG5199 is a fly
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(A) The amino-terminal Cut8 1–72 fragment was stabilized in mutants that lacked ubr1, rhp18, and rhp6 but not in mutants lacking ubc1,
ubc6, ubc7, and ubc8. See text for explanation.
(B) Wt, ubr1, and rhp18 cells were immunostained by anti-Mts4 antibodies. The proteasome did not accumulate in part (26%) of the
rhp18 culture (indicated by the arrowhead). The proteasome was not found in the nucleus in ubr1.
(C) The deletion mutant of Cut8 is hypersensitive to UV irradiation, MMS, and phleomycin treatments. The deletion mutants of rhp6 and rhp51
were used as control.
(D) Plasmid carrying the wild-type cut8+ gene but not the cut8-KallR gene rescued the DNA damage hypersensitivity of cut8 null mutant in
UV, MMS, and phleomycin. Wild-type carrying the empty plasmid vector, cut8 null carrying vector, and rhp6 null carrying vector were used
as control.
(E) Epistatic analysis of Cut8 and Rhp18. The double mutant cut8 rhp18 was made by crossing and its UV sensitivity assessed (see text).homolog of Cut8. Localization of the proteasome in
multicellular organisms has been reported to be both
nuclear and cytoplasmic, depending on cell types and
developmental stages (Pal et al., 1994; Tanaka et al.,
1989).
Discussion
In this study, we show that Rhp6 and Cut8 control the
nuclear accumulation of proteasome in fission yeast.
Rhp6 is highly similar to S. cerevisiae Rad6/Ubc2, a
ubiquitin-conjugating (E2) enzyme (Jentsch et al.,
1987). Rad6 is involved in the N-end rule protein degra-
dation and a variety of nuclear functions including
DNA-damage recovery, chromatin silencing, and his-
tone ubiquitination (Prakash, 1989; Dohmen et al.,
1991; Bailly et al., 1994; Hoege et al., 2002; Kao et al.,2004). Fission yeast Rhp6/Ubc2/Sng1 is involved in
similar nuclear functions (Reynolds et al., 1990; Singh
et al., 1998; Kitamura et al., 2001; Nielsen et al., 2002).
Human Rad6 homologs UBE2A/HR6A and UBE2B/
HR6B interact with Rad18 and have been implicated in
oncogenesis and certain nuclear functions (Koken et
al., 1991; Roest et al., 1996; Xin et al., 2000; Shekhar et
al., 2002). Rad6/Rhp6/UBE2A/2B are hence required for
ubiquitin conjugation of various nuclear proteins. Ubr1
is an E3 ligase that is related to Rad6 and is implicated
in the N-end rule and other cellular functions. The pre-
sent study showed that Cut8, a short-lived nuclear en-
velope protein, is a target of Rhp6 and Ubr1. The rela-
tionship between Cut8 and Rhp18 is unclear. Although
the degradation of the 1–72 fragment required Rhp18,
nuclear localization of full-length Cut8 was only mildly
defective in rhp18 null cells. We show that flies have a
Cell
402Figure 7. Drosophila CG5199 Is Similar to Cut8
(A) The alignment of fission yeast Cut8 (Sp), budding yeast Sts1/Dbf8 (Sc), and fly CG5199 (Dm). Identical and similar amino acid residues
are presented in black and gray shadow, respectively.
(B) Immunoblot of HA-tagged CG5199 in S2 cell extracts. The single band with expected MW was obtained.
(C) HA-tagged CG5199 was localized to the nuclear periphery in transfected S2 cells that were immunostained by anti-HA and anti-tubulin
antibody. Arrows and arrowheads indicate cells expressing and not expressing CG5199-HA, respectively. Scale bar, 10 m.
(D) CG5199-dependent nuclear localization of proteasome. Double-strand RNAs of CG5199 and GFP were added to the S2 cell culture, and
cells were immunostained by anti-β1 antibody after 5 days (PS). Actin was stained by phalloidin-rhodamine. RNAi knockdown of CG5199
protein is shown by immunoblot (lower panel). Polyclonal antibodies against CG5199 were made. Note that nuclear actin localization by
phalloidin vanished in CG5199 RNAi cells. The reason was unclear. Scale bar, 10 m.
(E) A cartoon showing the relationships among Rhp6, Ubr1, Rhp18, Cut8, and proteasome. Polyubiquitinated Cut8 by Rhp6, Ubr1, and Rhp18
anchors and is degraded by proteasome. See text for explanation.Cut8 homolog that is essential for nuclear proteasome s
tenrichment, suggesting that the Cut8 functions we de-
fine here in fission yeast may be conserved in meta- t
tzoans.
An additional degradation system may exist for Cut8. p
dWhile the short 1–72 KallR fragment was not degraded
at all, the full-length KallR Cut8 protein was degraded v
(with a half-life of w30 min. The full-length KallR Cut8
thus seemed to be ubiquitinated and degraded, albeit f
tmore slowly than wild-type Cut8, most likely through
ubiquitination in the region other than the amino ter- Y
(minus.
The mechanism by which Cut8 promotes the accu- f
mulation of the proteasome in the nucleus is of con-
siderable interest. It is reasonable to assume that the a
Caccumulation of the proteasome is required when abun-
dant nuclear proteins have to be destructed through t
Cubiquitination. Certain classes of ubiquitin-conjugating
and -ligating enzymes and their targets, cyclins, securin, p
op53, etc., are present at high levels within the nucleus.
However, it was not clear prior to this study whether a tpecific regulatory pathway was required for assuring
he high abundance of proteasome in the nucleus and
he nuclear periphery. We have identified a pathway
hat links Rhp6 and Ubr1 to the nuclear enrichment of
roteasome via polyubiquitination (and/or also possibly
egradation) of Cut8. Cut8 was originally identified by
irtue of the requirement for chromosome segregation
Samejima and Yanagida, 1994) and was subsequently
ound to be destroyed by the proteasome and to facili-
ate the nuclear enrichment of proteasome (Tatebe and
anagida, 2000). Ubr1 has three substrate binding sites
Du et al., 2002), and one of them might be the site
or Cut8.
Cut8 interacts with proteasome in vitro and in vivo,
nd this interaction is enhanced by ubiquitination of
ut8. We propose that the proteasome is tethered to
he nuclear membrane as a result of its association with
ut8. Ubiquitinated Cut8 may bind to and anchor the
roteasome to the nuclear membrane. Consistently,
verproduction of Cut8 enhanced the intensity of pro-
easome staining at the nuclear membrane and in the
Rhp6 Regulates Nuclear Proteasome
403nucleus. The nuclear distribution patterns of Cut8 and
the proteasome in wild-type cells are virtually identical
(Wilkinson et al., 1998; Tatebe and Yanagida, 2000).
Cut8 degradation may also be required for nuclear en-
velope accumulation of the proteasome, as it has not
been possible to separate the steps from ubiquitination
to degradation of Cut8. One of the two 19S regulatory
subunits of the proteasome might serve as the anchor
that tags the proteasome to the nuclear envelope by
interacting with Cut8, while the other end may be im-
portant for proteolysis. Cut8 bound to the nuclear enve-
lope might be somewhat resistant to the destruction by
proteasome, so that the half-life of bound Cut8 might
be longer than that of unbound Cut8. Other mecha-
nisms may exist for nuclear retention of proteasome by
both ubiquitination and subsequent destruction of
Cut8. As Cut8 is bound to the nuclear envelope, it may
be implicated in import and/or export of proteasome.
Proper destruction of Cut8 and nuclear export of pro-
teasome are possibly related.
Our data suggested a possible occurrence for feed-
back oscillation between the level of Cut8 and function
of the proteasome in the nucleus. The level of protea-
some might be balanced by the level of Cut8 and vice
versa. The regulations might be based on the direct in-
teraction between Cut8 and proteasome or due to a
more indirect interaction through E3 ligase Ubr1 as the
bridging element between Cut8 and proteasome (Xie
and Varshavsky, 2000; Du et al., 2002). This remains to
be determined. Thus, Cut8 might be a sensor and an-
chor for proteasome. In this scenario, when the anchor
becomes scarce, the amount of proteasome within the
nucleus will be similarly reduced, which would then
feed back to increase the amount of unbound Cut8
within the nucleus. Subsequent Rhp6- and Ubr1-medi-
ated ubiquitination of Cut8 would then enhance the
ability to tether proteasome to the nuclear membrane.
The carboxy-terminal region of Cut8 is required for
its enrichment at the nuclear membrane. Hence, Cut8
has an amino terminus that acts as an Rhp6-dependent
ubiquitination site and the carboxy terminus that is re-
quired for association with the nuclear envelope. Cut8
forms an oligomeric complex, probably by self-associa-
tion, that results in a broad peak of 4.5–13S in sucrose
gradient centrifugation (Tatebe and Yanagida, 2000).
The central domain seems to be necessary for this self-
association. Cut8 thus contains at least three distinct
domains.
We show that cut8 and Cut8-KallR are hypersensi-
tive to various DNA damage agents: ubiquitinatable
Cut8 seems to be required for a normal damage repair
response. We interpret this sensitivity to be due to the
loss of the enrichment of the proteasome arising from
the cut8 and Cut8-KallR mutations. Krogan et al.
(2004) recently showed that proteasome per se was re-
quired for DNA damage repair. The damage sensitivity
of cut8 mutants might thus be independent of Rhp18.
The budding yeast Rad18 was reported to ubiquitinate
PCNA for a function that is not related to protein degra-
dation (Hoege et al., 2002). Rhp18 may have an uniden-
tified additional role in protein destruction that is re-
lated to Rhp6 and Ubr1. Cut8 contributes to damage
repair probably through efficient nuclear accumulation
of proteasome. In this regard, Rhp6 and Ubr1 (and pos-sibly also Rhp18), as well as Cut8, play a key role for the
efficient destruction of nuclear ubiquitinated proteins.
Experimental Procedures
Strains, Culture Media, and Protein Half-Life Measurement
S. pombe h− and S. pombe h+ (Gutz et al., 1974) and their deriva-
tives were employed. The complete YPD and the minimal EMM2
media were used (Mitchison, 1970). For protein half-life analysis,
wild-type, transformants, and mutants of S. pombe were grown at
26°C or 36°C to a mid-log phase, and cycloheximide (100 g/ml)
was then added to the cultures (Tatebe and Yanagida, 2000). The
level of proteins was detected by immunoblot and quantified by a
densitometer. Drosophila S2 cells were used for examining expres-
sion and localization of CG5199. S2 cells were cultured as de-
scribed (Goshima and Vale, 2003).
Immunochemical Methods
TEG buffer (50 mM Tris-HCl [pH 7.5] containing 1 mM EDTA, 10%
glycerol, 0.1% NP-40, and 1% PMSF) was used for preparation of
S. pombe cell extracts. Ubiquitin-aldehyde (0.2 M, Boston Bio-
chem) and N-ethylmaleimide (50 mM) were added to TEG to pre-
vent deubiquitination (Kitamura et al., 2001). Cell extracts were run
in SDS-PAGE for immunoblot using an Amersham ECL kit. Anti-
Mts4 (a gift of C. Gordon), anti-Pad1, anti-Cut8, anti-tubulin (a gift
of K. Gull), anti-HA (12CA5), anti-GFP (Roche), anti-PSTAIRE (a gift
of N. Nagahama), anti-myc (9E10), and anti-GST antibodies were
used as primary antibodies. Anti-mouse-HRP and anti-rabbit-HRP
were used as secondary antibodies. For immunoprecipitation, the
26S buffer (25 mM Tris-HCl [pH 7.5] containing 50 mM NaCl, 10 mM
MgCl2, 2 mM DTT, 5 mM ATP, 0.1% Triton X-100, 20% glycerol, and
PMSF; Yen et al. [2003]) was used to prepare the wild-type and
cut8-563 cell extracts. Each extract was incubated with the beads
to which the anti-GFP antibody had been conjugated (Roche). After
incubation, the beads were washed with 26S buffer five times and
run in SDS-PAGE. Proteins coprecipitated with the beads were de-
tected by immunoblotting.
GST Pull-Down Assay and Interaction with 26S Proteasome
To overproduce Cut8-GST and control GST in S. pombe, they were
expressed under the inducible promoter nmt1 in the absence of
thiamine (Maundrell, 1990). Extracts were prepared in the 26S
buffer, and Cut8-GST and GST were purified by affinity chromato-
graphy using glutathione Sepharose 4B beads (Amersham Phar-
macia). To assess the interaction between Cut8 and the protea-
some, extracts of an S. pombe strain (h- α4-GFP:Leu2 Mts3-
myc8:Ura4) were made using the 26S buffer and incubated with
Cut8-GST or GST beads at 4°C for 2 hr. The beads were washed
by the 26S buffer five times followed by immunoblot of proteins
bound to the beads.
Detection of Cut8 Ubiquitination
His6-tagged ubiquitin (His6-Ub) or ubiquitin (Ub) under the nmt1
promoter was overproduced in proteasome-deficient mts2-1 or the
double mutant mts2-1 rhp6 cells. The cultures were shifted to
36°C from 26°C after 14 hr in the absence of thiamine, and cells
were harvested at appropriate time intervals. Cell extracts were
prepared in the denaturing buffer (25 mM Tris-HCl [pH 7.5] contain-
ing 100 mM sodium-phosphate, 150 mM NaCl, 1 mM EDTA, 10%
glycerol, 0.1% NP-40, 6 M guanidine-HCl, 0.1% PMSF) and incu-
bated for 1 hr with the Ni-NTA beads at room temperature. The
beads were then washed. Immunoblot was then used to detect
Cut8 coprecipitated with the beads.
Light Microscopy
Procedures for DNA staining and immunofluorescence microscopy
were as described previously (Adachi and Yanagida, 1989; Funabiki
et al., 1993). Cells were fixed in chilled methanol (−80°C) and
stained using anti-Mts4 and anti-Myc monoclonal antibody. To ob-
serve GFP fluorescence, the procedures described by Nabeshima
et al. (1997) were followed. S2 cells that expressed CG5199-HA
were fixed with paraform-aldehyde and immunostained by anti-HA
antibodies (Goshima and Vale, 2003). Anti-β1 antibody (MCP421
Cell
404Affiniti Research Products) was used for immunostaining protea- J
Dsome. RNAi procedure and phalloidin staining was described (Go-
shima and Vale, 2003). N
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